Estrogens, in particular 17*β*-estradiol (E2), regulate a myriad of physiological processes in mammals; thus, it is not surprising that these hormones could influence the incidence of several human diseases including cancer. However, E2 exerts both beneficial and adverse effects on cancer depending on the estrogen receptor subtype (i.e., ER*α* and ER*β*) expressed.^[@bib1],\ [@bib2],\ [@bib3]^ Indeed, ER*α* promotes the proliferation of breast, gynecologic, and endocrine gland cancers. In contrast, ER*β* suppresses the proliferation of tumor cells.^[@bib4],[@bib5]^ The carcinogenic effect of E2 via ER*α* has been highlighted by experiments in ER-knockout mice^[@bib6]^ and by epidemiological studies on cancer risk in patients who receive female hormone replacement therapy, showing an increased risk to develop breast, gynecologic and endocrine gland cancers. In addition, in E2-sensitive cancer cells (e.g., breast and liver cancers), a progressive increase of ER*α* amount and a parallel decrease of ER*β* expression have been reported.^[@bib7]^ Remarkably, ER*α* genomic and membrane starting signal transduction pathways cooperatively work to achieve cancer cell proliferation and apoptotic cascade prevention.^[@bib1],[@bib8],\ [@bib9],\ [@bib10]^

Neuroglobin (NGB), a 17 kDa heme protein belonging to the globin super-family, was first discovered in neurons of the central and peripheral nervous system.^[@bib11]^ Recently, we discovered that human NGB is a new contributor of the signal transduction pathways that lead to E2-induced neuronal cell survival. Indeed, E2 enhances NGB protein level particularly in mitochondria, where, after oxidative stress injury, NGB associates with cytochrome *c* impairing its release in the cytosol and the activation of the pro-apoptotic cascade.^[@bib12],\ [@bib13],\ [@bib14]^ Thus, NGB acts as an E2-inducible protein that assures neuronal cell survival in spite of oxidative stress damage.

Besides being a specific nervous system globin,^[@bib14],\ [@bib15],\ [@bib16]^ contradictory evidences of NGB expression in non-nervous normal and tumor tissues have been reported. Indeed, some data suggest that NGB expression is higher in the breast, liver, bladder, and thyroid tumors than in normal tissues;^[@bib17],[@bib18]^ other reports affirm that NGB expression is decreased in hepatoma;^[@bib19]^ finally, other studies assert that NGB transcript is not detected in matched breast cancer/normal tissue cDNA microarrays.^[@bib20]^ Thus, in principle, it is possible that the E2-dependent NGB-based protective pathway against oxidative stress could be active also in non-nervous peripheral tissues. In turn, as oxidative stress is a condition frequently occurring in tumor cells,^[@bib21]^ we sought to determine whether E2-dependent NGB upregulation occurs in non-nervous cancers and is required for cell survival.

Here, we report the existence of an E2-induced NGB upregulation pathway for cell survival in both hepatoma (HepG2) and breast adenocarcinoma (MCF-7) cells, where the E2-pro-oncogenic signals prevail.

Results
=======

E2 increases NGB levels in non-nervous cancer cells
---------------------------------------------------

According to literature,^[@bib22]^ neuron-derived cells (i.e., SK-N-BE) contain higher level of NGB with respect to the other non-neuronal cells tested ([Figure 1a](#fig1){ref-type="fig"}). E2 (10 nM; 24 h) upregulates NGB level in a similar manner in MCF-7, HepG2, and SK-N-BE cells ([Figure 1a](#fig1){ref-type="fig"}). However, the hormone was unable to modulate NGB level in HeLa cells, which are ER-devoid cells ([Figure 1a](#fig1){ref-type="fig"}). Remarkably, when HeLa cells were transfected with pcDNA ER*α*-flag, E2 regained its ability to upregulate NGB in a dose-dependent manner, showing an effect already at low E2 concentrations (0.1 nM, [Figure 1b](#fig1){ref-type="fig"}).

In all the E2-responsive cancer cells tested, E2 induced a dose- and time-dependent increase in NGB levels with a maximum effect at 10 nM (24 h) ([Figures 2a and b](#fig2){ref-type="fig"}). The E2 (10 nM) effect on the NGB level began to be significant 2 (HepG2) and 4 h (MCF-7) after the hormone treatment and remained constant until 24 h ([Figures 2c and d](#fig2){ref-type="fig"}). According to these results, 10 nM E2 and 24 h of stimulation were used in the following experiments.

ER involvement in E2-dependent NGB levels
-----------------------------------------

As expected,^[@bib1]^ ER*α* is the most abundant receptor subtype expressed in MCF-7 and HepG2 cells, although ER*β* is barely detectable ([Figures 3a and b](#fig3){ref-type="fig"}). The pure ER antagonist fulvestrant or ICI 182,780 (ICI) impaired the E2-dependent upregulation of NGB both in MCF-7 ([Figure 3c](#fig3){ref-type="fig"}) and HepG2 ([Figure 3e](#fig3){ref-type="fig"}) cells. Moreover, the E2 effect in these cells was specifically mediated by ER*α* as deduced by the effect of the specific ER*α* agonist 4,4′,4′′-(4-propyl-(1H)-pyrazole-1,3,5-triyl) trisphenol (PPT) or the specific ER*β* agonist 2,3-bis(4-hydroxyphenyl) propionitrile (DPN) ([Figures 3c and f](#fig3){ref-type="fig"}). These data were further confimed by stimulating cells, in the absence and presence of E2 (10 nM), with the ER*β* antagonist (R,R)-5,11-diethyl-5,6,11,12-tetrahydro-2,8-chrysenediol (THC, 1 *μ*M), which did not interfere with the E2 effect on NGB induction in HepG2 ([Figure 3d](#fig3){ref-type="fig"}) or MCF-7 ([Figure 3e](#fig3){ref-type="fig"}) cells.

Mechanisms involved in E2-induced NGB upregulation in cancer cell lines
-----------------------------------------------------------------------

ERs are ligand-activated transcription factors that modulate gene expression by genomic and non-genomic mechanisms.^[@bib2],[@bib10],[@bib23]^ In order to evaluate which mechanism(s) is involved in the E2-induced NGB level, HepG2 and MCF-7 cells were stimulated with the specific inhibitor of transcription actinomycin D (Act) or with the inhibitor of the palmitoyl acyltransferase (PAT) 2-bromohexadecanoid acid (2-Br-palmitate or 2-Br) that prevents plasma membrane localization of both receptors.^[@bib10],[@bib23]^ In both cell lines the E2 effect on NGB upregulation was impaired by Act ([Figures 4a and b](#fig4){ref-type="fig"}), indicating that the E2-dependent NGB upregulation is transcriptionally modulated as also highlighted by analyzing NGB mRNA levels ([Figures 4c and d](#fig4){ref-type="fig"}). In both HepG2 ([Figure 4c](#fig4){ref-type="fig"}) and MCF-7 cells ([Figure 4d](#fig4){ref-type="fig"}), the E2 treatment induced a significant increase of NGB mRNA levels 4 h after the hormone stimulation, whereas it was not effective at any other time considered. Similarly to the Act treatment, the cell pretreatment with 2-Br also prevented the E2 effect on NGB upregulation, indicating that E2 requires both transcriptional and membrane starting signals to modulate NGB level ([Figures 4a and b](#fig4){ref-type="fig"}). This prompted us to evaluate which signal transduction cascade was involved in this E2-dependent effect. As previously reported,^[@bib1],[@bib24]^ E2 (5--10 min, 10 nM) rapidly increased the phosphorylation of p38/mitogen-activated protein kinase (p38/MAPK), protein kinase B (AKT), and extracellular regulated kinase 1/2/MAPK (ERK1/2) in a cell context-dependent manner ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Notably, the involvement of these kinases in the E2-induced NGB level was also cell context-dependent. Indeed, in HepG2 cells the long-term (i.e., 24 h) E2 effect on NGB was completely blocked only by the p38 inhibitor SB203580 (SB), but not by the AKT and ERK1/2 inhibitors ([Figure 4e](#fig4){ref-type="fig"}). On the other hand, AKT and ERK1/2 activation was required for E2 induction of NGB in MCF-7 cells, whereas the p38 inhibitor did not impair E2-induced NGB upregulation ([Figure 4f](#fig4){ref-type="fig"}). It should be mentioned that, in MCF-7 cells, the inhibitors of all kinases considered (i.e., MAPK, AKT, and p38) slightly induce the increase of NGB level ([Figures 4e and f](#fig4){ref-type="fig"}), whereas only MAPK inhibitor PD98059 (PD) increases NGB level in HepG2 cells.

E2-dependent intracellular re-allocation of NGB
-----------------------------------------------

Recently, we demonstrated that in SK-N-BE cells E2 stimulation induces a localization of NGB at mitochondrial level, where it exerts an antiapoptotic role.^[@bib13]^ Thus, the analysis of the subcellular localization of NGB was performed also in E2-related non-nervous cancer cells to obtain an inkling of its function in these cells. HepG2 and MCF-7 cells were fractionated into three main compartments (i.e., nuclei, mitochondria, and cytosol) using as fraction purity markers nuclear poly (ADP-ribose) polymerase 1 (PARP-1), mitochondrial TNF receptor-associated protein 1 (TRAP1), and cytosolic protein phosphatase 2A (PP2A) ([Figures 5a, b, and c](#fig5){ref-type="fig"}). Upon E2 stimulation (i.e., 10 nM; 24 h), a significant reduction of NGB in the nucleus with the parallel increase of NGB in the mitochondrial fraction in both HepG2 ([Figure 5a](#fig5){ref-type="fig"}) and MCF-7 ([Figure 5b](#fig5){ref-type="fig"}) cells was observed. However, the E2 treatment led to the increase of the NGB level in the cytosol of HepG2 cells, whereas in MCF-7 cells the amount of cytosolic NGB after E2 stimulation was similar to that observed in the control ([Figures 5a and b](#fig5){ref-type="fig"}). A further confirmation that E2 induces NGB re-allocation in mitochondria of HepG2 derives from the confocal microscopy analysis, which indicates that E2 increased the colocalization of NGB with cytochrome *c* oxidase 4 (COX-4) at mitochondrial level beginning 1 h after the stimulation and reaching a maximum 24 h after the hormone treatment ([Figure 5d](#fig5){ref-type="fig"}).

The role played by E2-induced NGB in cancer cells
-------------------------------------------------

The E2--ER*α* complex activates signal transduction pathways ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), which commit cells to cell cycle progression.^[@bib1]^ Hovewer, E2 treatment (24--72 h) increased the cell number in both control and NGB-silenced MCF-7 cells indicating that NGB is not involved in E2 proliferative effect ([Figure 6](#fig6){ref-type="fig"}).

In neurons, the high level of NGB induced by E2 is essential to reset the triggering of apoptosis induced by oxidative stress stimuli.^[@bib13],[@bib14]^ In MCF-7 cells, which lack functional caspase-3 activity,^[@bib25]^ H~2~O~2~ (100 *μ*M; 24 h) increased the cleavage (band 85 kDa) of PARP-1, the main target of the execution caspase activity, without major effects on the Bcl-2 protein level ([Figure 7a](#fig7){ref-type="fig"}). E2 pretreatment (10 nM; 24 h) completely prevented H~2~O~2~-induced PARP-1 cleavage and, in parallel, increased the level of the antiapoptotic protein Bcl-2 ([Figure 7a](#fig7){ref-type="fig"}). Similar results were obtained in MCF-7 cells stably transfected with control shRNA lentiviral particles ([Figures 7b and c](#fig7){ref-type="fig"}). Notably, H~2~O~2~ (100 *μ*M; 24 h) increased the level of NGB over the control even if to a tlesser extent than E2 ([Figure 7b](#fig7){ref-type="fig"}, left panel). On the other hand, MCF-7 cells in which NGB was stably silenced by using shRNA lentiviral particles ([Figure 7b](#fig7){ref-type="fig"}), E2 (10 nM; 24 h) pretreatment was not able anymore to counteract the H~2~O~2~- (100 *μ*M; 24 h) induced PARP-1 cleavage and Bcl-2 overexpression ([Figure 7c](#fig7){ref-type="fig"}), sustaining the pivotal role of NGB in E2-induced anti-apoptotic pathways. In line with the results obtained in MCF-7 cells, E2 counteracted the H~2~O~2~- (i.e., 50 and 100 *μ*M; 24 h) induced caspase-3 and PARP-1 activation ([Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}) in HepG2 cells. Similarly to the MCF-7 cells, E2 missed the ability to prevent apoptotic cascade activation in NGB-silenced HepG2 cells ([Supplementary Figures 2b and c](#sup1){ref-type="supplementary-material"}).

Discussion
==========

NGB is an oxygen-binding heme protein that has the classical three-on-three globin fold and is widely expressed in the cerebral cortex, hippocampus, thalamus, hypothalamus, cerebellum, and retina of the mammalian brain.^[@bib11]^ Previous studies have shown that silencing NGB expression decreases neuronal survival after oxidative stress and vice versa.^[@bib26]^ More recently, it has been demonstrated that NGB is involved in neuroprotection under oxidative stress conditions,^[@bib27]^ supporting the notion that high levels of NGB could protect neurons from hypoxic/ischemic insults.

Oxidative stress is a condition frequently occurring in fast proliferating neoplastic tissues, and it is now apparent that cancer cells adapt to the imbalanced redox status created by their rapid growth by developing alternative metabolic reactions that render them insensitive to further stress inducers.^[@bib21]^ This evidence prompted several research groups to study the presence and role of NGB in cancer cells. However, the very low detectable levels of NGB in non-nervous tissues produced only scarce and controversial data.^[@bib17],\ [@bib18],\ [@bib19],\ [@bib20]^

The main aim of this paper was to evaluate the possibility that NGB is upregulated by E2 also in cancer cells, where NGB upregulation would increase cell survival after oxidative stress, acting as a mediator of E2 pro-oncogenic effects.

The results reported here indicate that the NGB basal level was barely recognizable in MCF-7 and HepG2 cells in comparison with neuronal-derived cells SK-N-BE, according to that reported by other authors in tumor tissues.^[@bib20],[@bib27]^ Therefore, also in cancer cells NGB should be considered as an E2-inducible protein apart from the ER-devoid HeLa cells. In fact, E2 acquires the ability to increase NGB levels in HeLa cells only when ER*α* levels were rescued by transfecting cells with the ER*α*-encoding plasmid. All together, these results show, for the first time, that E2 is able to modulate NGB levels in E2-related non-nervous cancer cells through ER*α*.

In ER*α*-containing HepG2 and MCF-7 cells, both nuclear (transcriptional) and membrane starting (extranuclear) ER*α* action mechanisms are required. Indeed, the transcription inhibitor Act completely prevents the E2-dependent increase of NGB levels and E2 upregulates NGB mRNA levels in both cell types. Although NGB promoter does not contain any canonical estrogen-responsive element (ERE) consensus sequence, it includes several responsive elements for other transcription factors (i.e., AP-1 and Sp-1),^[@bib28]^ suggesting that a mechanism of indirect transcription could be involved in the genomic regulation of NGB expression. Accordingly, E2 induces the activation of the three common ER signaling pathways (i.e., ERK, PI3K/AKT, and p38/MAPK).^[@bib10]^ However, they are differently involved in E2-induced NGB upregulation. In fact, ERK and AKT activation are necessary in MCF-7 cells, whereas the rapid (5 min) and transient (10 min) p38 activation is specifically required in HepG2 cells. Intriguingly, the inhibitors of all kinases considered (i.e., MAPK, AKT, and p38) slightly increases NGB level in MCF-7 cells, whereas only MAPK inhibitor PD increases NGB level in HepG2 cells, suggesting the existence of a context-specific cross-talk between the kinases in regulating NGB levels both at the baseline and upon E2 stimulation. More experiments are needed to better clarify the signal pathways involved in the regulation of NGB levels in cancer cells. This issue is under investigation in our lab. However, the different ER*α* splice variants expressed by HepG2 and MCF-7 cells may account for the different rapid membrane starting signals required for the E2-dependent NGB modulation. Indeed, in MCF-7 cells, beyond the functional ER*α* wild-type isoform (66 kDa), other splice variants are expressed, including the ER*α*-36, which is stably localized at the plasma membrane.^[@bib29]^ On the other hand, HepG2 cells contain only a variant of ER*α* full length (66 kDa), which is unable to directly transactivate ERE-containing reported genes, but mediates the E2-induced indirect transcription of *cyclin D1* gene.^[@bib30]^ The presence of these ER*α* splice variants sustains that E2 regulates NGB expression mainly by ER*α*-activated rapid mechanisms that in turn trigger indirect nuclear events to modulate the NGB expression. These findings lead to a change in the dogma, which considers NGB as a specific nervous system globin, suggesting a new perspective of NGB as a pivotal player in the E2 signal pathway in several hormone target cell lines.

High oxidative stress represents a hallmark of many cancers^[@bib31]^ and could drive cancer cells to apoptosis.^[@bib32]^ However, cancer cells undergo metabolic and transcriptional adaptations against stress agents, allowing cancer cells to survive even when the redox status is imbalanced.^[@bib21]^ NGB could act as a compensatory protein in E2-related cancers as reported in neurons.^[@bib27]^ The results reported here confirm that H~2~O~2~ renders cells more prone to the pro-apoptotic cascade activation in both HepG2 and MCF-7 cells. In addition, H~2~O~2~ treatment slightly increases NGB level in MCF-7 cells (91±10.2% over the control); however, the protein level is not sufficient to prevent apoptosis. *In vitro*, cell protection against apoptosis has been postulated to be achieved when the NGB/mitochondrial cytochrome *c* ratio is at least 3/1.^[@bib33]^ In line with these *in vitro* results, E2 increases NGB level of 274±20.6% over the control. This high NGB level seems to be essential for the E2 anti-apoptotic effects against the H~2~O~2~ toxicity in ER*α*-expressing cancer cells. In addition, in MCF-7 cells, NGB is also required for the E2-dependent increase of Bcl-2 expression level. Recently, it has been suggested that the overexpression of NGB in HepG2 cells, after transfection with an encoding plasmid, displays a tumor suppressor function.^[@bib19]^ Although it is difficult to compare our cells with NGB-transfected ones, the highest level of NGB obtained after transfection could likely interfere with signal transduction pathways (i.e., ERK activation) that drive cancer cells to proliferation.^[@bib19]^ In addition, the evidence that the inhibitors of the fundamental cellular signaling cascade regulating tumor development, growth, proliferation, and metastasis^[@bib34]^ slightly increase NGB level ([Figures 4e and f](#fig4){ref-type="fig"}) strongly sustains the idea that reduction of cancer cell proliferation could activate compensatory mechanism(s) devoted to cancer cell survival. Although more work is needed to sustain this idea, our data strongly support the view that the physiological induction of NGB level triggered by E2 has a compensatory role against oxidative stress. Moreover, NGB silencing in MCF-7 cells does not interfere with the E2-dependent increase of cell proliferation, highlighting that the NGB upregulation induced by E2 is specifically involved in protecting cancer cells against stress-induced apoptosis.

Among the different proposed mechanisms for NGB antiapoptotic role, the direct involvement of NGB in the intrinsic apoptotic pathway at mitochondrial level has been identified in neurons.^[@bib13]^ As reported here, also in non-nervous cancer cells, as well as in neuroblastoma cells, E2 treatment significantly increases the amount of NGB in the mitochondrial compartment, strengthening the idea that NGB could represent the intracellular mediator of the E2 antiapoptotic effect in ER*α*-encoding cancer cells, acting directly in the mitochondria, where the core of the intrinsic apoptotic pathway initiates.

In conclusion, the present results indicate that E2-induced NGB upregulation in cancer cells could represent a defense mechanism of E2-related cancers against oxidative stress. NGB, as a defense protein, could even render cancer cells insensitive to other stress inducers, such as chemotherapy and radiation. Although further studies are needed to better dissect the role of NGB in E2 cancerogenesis, the present data clarify the functional role played by NGB in tumor cells opening new avenues to develop therapeutic strategies against E2-related cancers.

Materials and Methods
=====================

Reagents
--------

E2, Act, Pen-Strep solution, H~2~O~2~, RPMI-1640 media without phenol red, Dulbecco\'s modified Eagle\'s medium without phenol red, charcoal-stripped fetal calf serum, the PAT inhibitor 2-Br, protease inhibitor cocktail, bovine serum albumin fraction V (BSA), and mouse monoclonal anti-FlagM2 antibody were purchased from Sigma-Aldrich (St. Louis, MO, USA). Optimem, Hank\'s buffer salt solution (1 × ), and GlutaMAX-I were purchased from Gibco-BRL (Gaithersburg, MD, USA). The p38 inhibitor SB, the AKT inhibitor, and the MAPK cascade inhibitor PD were obtained from Calbiochem (San Diego, CA, USA). The E2 antagonist ICI, ER*α*-selective agonist PPT, ER*β*-selective agonist DPN, and ER*β*-selective antagonist THC were obtained from Tocris (Ballwin, MO, USA). Bradford protein assay was obtained from Bio-Rad Laboratories (Hercules, CA, USA). Human recombinant ER*α* and ER*β* were obtained by Invitrogen (Carlsbad, CA, USA). NGB shRNA lentiviral particles, control shRNA lentiviral particles, anti-phospho-ERK1/2, anti-AKT, anti-ER*α* (MC-20), anti-ER*β* (H-150), anti-caspase-3, anti-PARP-1, anti-PP2A, anti-ERK1/2, anti-Hsp75 (TRAP1), anti-NGB, and anti-Bcl-2 antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal anti-phospho-AKT, anti-phospho-p38, and anti-p38 antibodies were purchased from New England Biolabs (Beverly, MA, USA). The anti-*α*-tubulin was purchased from Sigma-Aldrich. Anti-COX-4 antibody was purchased from Clontech Laboratories (Mountain View, CA, USA). The chemiluminescence reagent for western blot super power ECL was obtained from Bio-Rad (Milan, Italy). Cell proliferation Kit II (XTT) was purchased from Roche (Basel, Switzerland). All the other products were from Sigma-Aldrich. Analytical or reagent grade products were used without further purification.

Cell growth and proliferation of SK-N-BE(2)-C, MCF-7, HepG2, and HeLa cell lines (ATCC, LGC Standards S.r.l., Milan, Italy) were used at passage 4--8 and were grown as previously described.^[@bib1],[@bib12],[@bib35]^ Cell line authentication were periodically performed by amplification of multiple STR loci by BMR Genomics srl (Padua, Italy). Lentiviral-infected MCF-7 and HepG2 cell lines were routinely grown in media containing puromycin (0.5 mg/ml and 3 mg/ml, respectively). Cells were simultaneously treated with the vehicle used to dissolve all drugs (ethanol/PBS 1 : 10, v/v), and/or E2 (0.01--1000 nM) or PPT (0.01--100 nM) or DPN (0.01--100 nM) and/or H~2~O~2~ (100 *μ*M). When indicated, the PAT inhibitor 2-Br (10 *μ*M), the anti-estrogen ICI (1 *μ*M), the ER*β* inhibitor THC (1 *μ*M), the AKT inhibitor (1 *μ*M), the p38 inhibitor SB (5 *μ*M), the ERK1/2 inhibitor PD (1 *μ*M), and the transcription inhibitor Act (1 *μ*g/ml) were added 30 min before E2-MCF-7 cell proliferation was assessed by the XTT assay (Roche) according to the manufacturer\'s instructions. The microplates were read at 490 nm on a multilabel plate reader (VICTOR X3 Multilabel Plate Reader, PerkinElmer, Waltham, MA, USA) to measure the absorbance.

Transfection of Flag-ER*α* plasmid, the reporter plasmid 3x ERE TATA, the pcDNA Flag 3.1 C, and pcDNA Flag-ER*α* were previously described.^[@bib36]^ HeLa cells were grown to \~70% confluence and then transfected with pcDNA-Flag-ER*α* plasmid using lipofectamine (Invitrogen) according to the manufacturer\'s instructions. Six hours after transfection the medium was changed, and after 24 h the cells were treated with either vehicle or E2 (10 nM).

Cellular and biochemical assays
-------------------------------

Protein extraction, western blot assay, and cell fractionation were performed as previously described.^[@bib13]^ Briefly, cell fractionation was performed using ApoAlert Cell Fractionation kit (Clontech Laboratories) according to the manufacturer\'s instructions. After stimulation, cells were harvested with trypsin (1%, v/v), suspended with complete medium, and centrifuged at 600 × *g* for 5 min. The pellet was suspended in a fractionation buffer mix containing DTT (1 mM) and homogenized in a Dounce tissue grinder. The homogenate was centrifuged at 700 × *g* for 10 min. The pellet was suspended in the sample buffer containing 0.125 M Tris, pH 6.8 and 10% (w/v) SDS (nuclear fraction); the supernatant was centrifuged again at 10 000 × *g* for 25 min. The supernatant was collected (cytosolic fraction) and the pellet was suspended in a fractionation buffer mix (mitochondrial fraction). The protein concentration of each fraction was determined using Bradford protein assay. The lysate of each fraction was then processed for western blot or used for immunoprecipitation assay.

After treatments, cells were lysed and solubilized as previously described.^[@bib13]^ Total proteins were quantified using the Bradford protein assay. Solubilized proteins (20 *μ*g) were resolved by 7 or 15% SDS-PAGE at 100 V for 1 h at 25 °C and then electrophoretically transferred to nitrocellulose by for 7 min at 25 V by using Trans Blot Turbo Transfer System (Bio-Rad). The nitrocellulose was treated with 3% (w/v) BSA in 138 mM NaCl, 25 mM Tris, pH 8.0, and 0.1% (w/v) Tween-20 at 25 °C for 1 h and then probed overnight at 4 °C with anti-NGB (final dilution 1 : 1000), anti-ER*α* MC-20 (final dilution 1 : 500), anti-ER*β* H-150 (final dilution 1 : 3000), anti-caspase-3 (final dilution 1 : 1000), anti-PARP (final dilution 1 : 500), anti-phospho-ERK1/2 (final dilution 1 : 200), anti-phospho-AKT (final dilution 1 : 1000), anti-phospho-p38 (final dilution 1 : 1000), anti-COX-4 (final dilution 1 : 1000) or anti-PP2A (final dilution 1 : 1000), anti-Bcl-2 (final dilution 1 : 500), anti-TRAP1 (final dilution 1 : 1000), and anti-Bax (final dilution 1 : 500) antibodies. The nitrocellulose was stripped by Restore Western Blot Stripping Buffer (Pierce Chemical, Rockford, IL, USA) for 10 min at room temperature and then probed with anti-*α*-tubulin (final dilution 1 : 5000) or anti-vinculin (final diluition 1 : 5000) to normalize protein content. Moreover, the nitrocellulose incubated with anti-phospho-ERK1/2, anti-phospho-AKT or anti-phospho-p38 was stripped and probed with anti-ERK1/2 (final dilution 1 : 200), anti-AKT (final dilution 1 : 100) and anti-p38 (final dilution 1 : 1000) antibodies, respectively. To evidence ER*α* and ER*β* levels, electrophoresis was performed in the presence of 5 ng of recombinant proteins. Antibody reaction was visualized with ECL chemiluminescence. Densitometric analyses were performed by ImageJ software for Microsoft Windows (NIH, Bethesda, MD, USA). The densitometry quantification of protein was normalized to tubulin or vinculin.

Confocal microscopy analysis
----------------------------

HepG2 cells were stained with anti-NGB (1 : 200) and anti-COX-4 (1 : 200) antibodies, respectively. Cells were processed in chamber slides and rinsed with PBS, pH 7.4, followed by fixation in formaldehyde 4% (v/v) for 1 h, and permeabilization with cold acetone 95% for 3 min. Cells were rinsed in PBS and saturated with BSA 2% (w/v) for 1 h and then incubated with the primary antibody at 4 °C overnight (anti-NGB) or 1 h at room temperature (anti-FlagM2). Cells were rinsed three times in PBS for 5 min and incubated with Alexa Fluor 488 donkey anti-mouse secondary antibodies (Invitrogen) (1 : 400) and 578 donkey anti-rabbit secondary antibodies (Invitrogen) (1 : 400). The slides were cover-slipped using Prolong Gold anti-fade reagent. Confocal analysis ( × 63 magnification) was performed using LCS (Leica Microsystems, Milan, Italy).

Quantitative real-time PCR
--------------------------

The sequences for gene-specific forward and reverse primers were designed using the OligoPerfect Designer software program (Invitrogen). The following primers were used: 5\'-GTCTCTCCTCGCCTGAGTTC-3\' (forward) and 5\'-GACTCACCCACTGTCGAGAA-3\' (reverse) for human NGB, and 5′-CGAGATCCCTCCAAAATCAA-3′ (forward) and 5′-TGTGGTCATGAGTCCTTCCA-3′ (reverse) for human GAPDH. Total RNA was extracted from cells using TRIzol Reagent (Invitrogen) according to the manufacturer\'s instructions. To determine NGB expression levels, cDNA synthesis and qPCR were performed using the GoTaq two-step RT-qPCR system (Promega, Fitchburg, WI, USA) in an ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA, USA) according to the manufacturer\'s instructions. Each sample was tested in triplicate and the experiment was repeated twice. All primers used were optimized for real-time amplification in a standard curve amplification (\>98% for each pair of primers); moreover, the production of a single amplicon in a melting curve assay was verified. Results were normalized to the expression of GAPDH mRNA. The relative level for each gene reported in arbitrary units was calculated by using the 2-ΔΔCt method.^[@bib36]^

shRNA lentiviral particle transduction was performed using control shRNA lentiviral particles (Santa Cruz sc-108080) and NGB shRNA lentiviral particles (Santa Cruz sc-42081-v) according to the manufacturer\'s instructions. Cells were plated in a 12-well plate for 24 h before the viral infection. Cells were grown to \~50% confluence and then infected. Growth media were removed and replaced with 1 ml of a mixture of complete medium with Polybrene (Santa Cruz sc-134220) at a final concentration of 5 *μ*g/ml; then, shRNA lentiviral larticles were added to the culture. After 24 h of incubation, the culture medium was removed and replaced with 1 ml of complete medium without Polybrene. After overnight incubation, cells were splited 1 : 3 and maintained in incubation for 24 h in the complete medium. Finally, pooled stable clones expressing the shRNA were selected by incubating cells with a mixture of complete medium with puromycin. Next, the medium was replaced with fresh puromycin-containing medium every 3 to 4 days until resistant colonies were identified. Colonies were expanded and assayed for stable shRNA expression.

Statistical analysis was performed by using ANOVA followed by Tukey--Kramer post-test with the GraphPad InStat3 software system for Windows (La Jolla, CA, USA). In all cases, *P*\<0.05 was considered significant.
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:   2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide, Cell proliferation Kit
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![NGB level in cancer cells. (**a**) The effect of E2 (1--10 nM; 24 h stimulation) on NGB protein levels in SK-N-BE, MCF-7, HepG2, and HeLa cells. (**b**) The E2 dose-dependent effect (0.01--100 nM; 24 h stimulation) on NGB level in HeLa cells transfected with pcDNA ER*α*-flag. The amount of protein was normalized by comparison with tubulin levels. The data are typical western blots of three independent experiments and the relative densitometric analyses. Data are means±S.D. of three different experiments. *P*\<0.001 was determined with ANOVA followed by Tukey--Kramer post-test *versus* vehicle or 0 (ethanol/PBS 1 : 10, v/v) (\*)](cddis2014418f1){#fig1}

![Effect of E2 on NGB protein levels in HepG2 and MCF-7 cells. Western blot analysis of E2 dose-dependent effect (0.1--1000 nM) on NGB levels after 24 h of stimulation in (**a**) HepG2 and (**b**) MCF-7 cells. Time-course analysis of E2 treatment (10 nM) on NGB level in (**c**) HepG2 and (**d**) MCF-7 cells on NGB level. The amount of protein was normalized by comparison with tubulin levels. Top panels are typical western blots of three independent experiments. Bottom panels represent the results of the densitometric analyses](cddis2014418f2){#fig2}

![Impact of estrogen receptors on NGB protein expression in HeLa, HepG2, and MCF-7 cells. Western blot of ER*α* and ER*β* levels in non-stimulated cells compared with 5 ng of recombinant proteins in (**a**) HepG2 cells and (**b**) MCF-7 cells. (**c**) Western blot of NGB levels in HepG2 cells stimulated for 24 h with vehicle, E2 (10 nM), ER*β* agonist DPN (10 nM), ER*α* agonist PPT (10 nM) or the ER inhibitor ICI (1 *μ*M) in the absence and presence of E2 (10 nM). (**d**) Western blot of NGB levels in HepG2 cells stimulated for 24 h with vehicle, E2 (10 nM) or ER*β* inhibitor THC (1 *μ*M) in the absence and presence of E2 (10 nM). (**e**) Western blot of NGB levels in MCF-7 cells treated for 24 h with vehicle, E2 (10 nM), ER*β* inhibitor THC (1 *μ*M) or ER inhibitor ICI (1 *μ*M) in the absence and presence of E2 (10 nM). (**f**) Western blot of NGB levels in MCF-7 cells stimulated for 24 h with vehicle, E2 (10 nM), ER*β* agonist DPN (10 nM) or ER*α* agonist PPT (10 nM). The amount of proteins was normalized by comparison with tubulin or vinculin levels. (**a**,**b**) The data are typical western blots of three independent experiments. (**c**--**f**) Top panels are typical western blots, bottom panels represent the results of the densitometric analysis. Data are means±S.D. of three different experiments. *P*\<0.001 was determined with ANOVA followed by Tukey--Kramer post-test *versus* vehicle (\*) and *versus* E2-treated sample (°)](cddis2014418f3){#fig3}

![Impact of ER genomic and membrane started signals on NGB protein expression. Analysis of NGB levels in HepG2 (**a**) and MCF-7 (**b**) cells stimulated for 24 h with vehicle, E2 (10 nM) and/or the transcription inhibitor Act (1 *μ*g/ml) and/or the PAT inhibitor 2-Br (10 *μ*M). Analysis of NGB protein levels in (**e**) HepG2 and (**f**) MCF-7 cells treated for 24 h with vehicle, p38 inhibitor SB-203580 (SB; 5 *μ*M) or AKT inhibitor (5 *μ*M) or ERK 1/2 inhibitor PD (10 *μ*M) in the absence or presence of E2 (10 nM). The amount of proteins was normalized by comparison with tubulin levels. Top panels are typical western blots of three independent experiments. Bottom panels represent the results of the densitometric analysis. Data are means±S.D. of three different experiments. *P*\<0.001 was determined with ANOVA test *versus* vehicle (\*) and *versus* the E2-treated sample (°). Time course of E2 (10 nM) effect on NGB mRNA levels in (**c**) HepG2 and (**d**) MCF-7 cells. The NGB expression is expressed as fold of induction over the vehicle (set to one). Data represent the mean±S.D. of five different experiments. Significant differences (*P*\<0.001) were determined by ANOVA followed by the Tukey--Kramer post-test with respect to unstimulated samples (\*)](cddis2014418f4){#fig4}

![Effect of E2 on the localization of NGB in HepG2 and MCF-7 cells. Western blot of NGB level in nuclear (Nuclei), cytosolic (Cyt), and mitochondrial (Mit) fractions of (**a**) HepG2 and (**b**) MCF-7 cells and related densitometric analyses (c). The purity of fractions was assessed with PARP-1, TRAP1, and PP2A with respect to nucleus, mitochondria, and cytosol, respectively. The amount of proteins was normalized to each fraction marker protein. The figure represents a typical western blot of three independent experiments. Data reported in panel **c** represent the mean±S.D. of three different experiments. Significant differences (*P*\<0.001) were determined by ANOVA followed by the Turkey--Kramer post-test with respect to unstimulated samples (\*). (**d**) Confocal microscopy analysis of NGB and COX-4 co-immuno-localization. Cells were fixed, permeabilized, and stained with anti-NGB antibody (red) and co-stained with anti-COX4 antibody (green) (original magnification × 63). Merged images by confocal microscopy show NGB distribution in HepG2 cells treated with either vehicle or E2 (10 nM) for 1, 4, and 24 h. White arrows point to examples of NGB and COX-4 co-staining in a single Z-stack plane. Representative images from three different experiments are shown](cddis2014418f5){#fig5}

![E2 effect on cell proliferation in control and NGB silenced MCF-7 cells. (**a**) Control and (**b**) NGB-silenced MCF-7 cells were stimulated with vehicle or E2 (10 nM). Every 24 h, the XTT labeling mixture was added to the plates and absorbance was measured at 490 nm on an multilabel plate reader. Data are means ± S.D. of three different experiments. *P*\<0.001 was determined with ANOVA followed by the Tukey--Kramer post-test *versus* vehicle (\*)](cddis2014418f6){#fig6}

![Effect of NGB silencing on caspase-dependent apoptotis in MCF-7 cells. (**a**) Western blot analysis of PARP-1 cleavage and Bcl-2 induction were performed on MCF-7 cells stimulated with either the vehicle or pretreated with E2 (10 nM; 24 h) followed by 24 h treatment with H~2~O~2~ 100 *μ*M. (**b**) Analysis of NGB level in MCF-7 cells infected with either control or NGB shRNA lentiviral particles and stimulated with either the vehicle or pretreated with E2 (10 nM; 24 h) then treated with H~2~O~2~ 100 *μ*M (24 h). (**c**) Western blot analysis of PARP-1 cleavage and Bcl-2 expression were performed in MCF-7 cells infected with either control or NGB shRNA incubated with either vehicle or 100 *μ*M H~2~O~2~ in the presence or absence of 24 h E2 (10 nM) pretreatment. The amount of proteins was normalized to tubulin levels. Top panels are typical western blots of five independent experiments. Bottom panels represent the results of the densitometric analysis. Data are means±S.D. of five different experiments. *P*\<0.001 was determined with ANOVA followed by Tukey--Kramer post-test *versus* vehicle (\*) and *versus* H~2~O~2~ treated sample (°)](cddis2014418f7){#fig7}
